The electronic-energy band structure, site and angular momentum decomposed density of states ͑DOS͒, and charge-density contours for ferroelectric sodium nitrite have been calculated using an accurate full-potential linear muffin-tin orbital method. The calculated total DOS is found to be in good agreement with experimental x-ray-photoemission spectra. From the DOS analysis, as well as charge-density studies, we conclude that the bonding between Na and NO 2 is ionic and that the NO 2 entities bond covalently. The polarized reflectivity spectra, calculated in a large energy range up to 30 eV, are directly compared with recent experimental spectra. The optical anisotropy in this material is analyzed through the optical functions such as refractive indices and static dielectric constants along the principal axes. Our calculated band structure and optical spectra are also compared with results obtained from the orthogonalized linear combination of atomic orbital method. The role of antiferroelectric distortion on the optical property and structural stability is discussed.
I. INTRODUCTION
Interactions between alkali metal atoms and simple gas molecules may result in crystals in which the gas molecules become ''frozen in,'' in an ordered way in an array of alkali atoms. One relatively simple example is NaNO 2 . The result is a highly anisotropic material with several interesting properties such as ferroelectricity and piezoelectricity. Since the discovery of ferroelectricity by Sawada et al. 1 in NaNO 2 , a large number of investigations have been carried out to study its structural changes, 2 its dielectric, 3, 4 elastic, 5 electrical, 6 and thermal 7 properties, the infrared ͑IR͒, Raman, 8 and nonlinear optical spectra, 9 as well as its nuclear-quadrupole moment. 10 A recent interest in this material stems from the fact that opal, containing regular three-dimensional arrays of nanosized sodium nitrite, shows giant enhancement of the dielectric constant, 11 and hence is of potential interest in connection with applications in ferroelectric memories.
It was found 12 that, upon heating, NaNO 2 undergoes a first-order phase transition from ferroelectric to a sinusoidal antiferroelectric phase at the critical point (T C ϭ163.9°C), followed by a second-order phase transition to the paraelectric phase at the Neél temperature (T N ϭ165.2°C). In the ferroelectric phase NaNO 2 has a polar body-centered orthorhombic structure with a C 2v 20 (Im2m) space group and is piezoelectric. In the low-temperature phase, all NO 2 Ϫ molecules are aligned with the dipoles along the b axis of the crystal, which then shows strong optical anisotropy.
In the past, many experimental studies of the optical properties of this material have been performed. Axe 13 measured the infrared reflectivity spectra at room temperature and from this data he calculated the principal dielectric-response functions using the Kramers-Kronig ͑KK͒ relations. Hirotsu Yanagi and Sawada 14 measured the temperature dependence of the principal refractive indices and concluded that the large optical anisotropy arises from the polarizability anisotropy of the nitrite ion. Yamashita and Kato 15 measured the vacuum ultraviolet absorption spectra at room as well as liquid-nitrogen temperatures. Kamada and Kato 16 found a series of vibronic lines accompanied with the phonon side bands in the polarized absorption spectra. Kawaura, Kawaguchi, and Kato 17 studied the characteristics of the lowest singlet exciton in NaNO 2 using high-resolution measurements of reflection spectra at 2 K. Most of these studies, however, concentrated on the far IR region of the spectrum. To our knowledge, the only exception is the very recent paper by Ashida et al. , 26 who measured the polarized reflectivity spectra for NaNO 2 at room temperature, as well as liquidnitrogen temperature for a very wide energy range up to 25 eV.
Also, quite a few theoretical investigations of the band structure and optical properties of NaNO 2 have been reported. NaNO 2 has one of the simplest crystal structures among ferroelectrics. Hence, information regarding its electronic structure may prove very useful in studies of phase transitions in ferroelectrics. The electronic-energy band structure of ferroelectric NaNO 2 was first calculated by Kam and Henkel 3 using an X ␣ exchange and a mixed plane-wave Gaussian basis set. El-Dib and Hassan 20 calculated the temperature dependence of the electronic-energy bands of this material using a semiempirical linear combination of atomic orbitals ͑LCAO͒ method from the temperature-dependent lattice parameters measured by Kucharczyk et al. 21 and the atomic coordinates given by Kay and Frazer. 22, 23 From this study they found that the band gap increases almost linearly with temperature, and also that the general features of the bands at various temperatures are similar to those at 20°C. Using the self-consistent orthogonalized linear combinations calculated the electronic structure and dielectric function. Zhong, Jiang, and Ching 25 studied the effect of disorder on the optical properties of paraelectric NaNO 2 and found that disorder decreases the optical anisotropy, bandgap, and the value of the dielectric function. Wyncke, Bréhat, and Kharoubi 18 calculated the reflectivity as a function of the angle of incidence and compared it with experimental results. NaNO 2 is also a nonlinear optical crystal and Wu and Chen 19 made ab initio molecular-orbital calculations to study the origin of birefringence in this material. However, no theoretical study of this compound have been performed using a first-principles full-potential method. Since the crystal structure of NaNO 2 is open and the calculated properties rely critically on accurate eigenvalues and eigenvectors, the use of a full-potential method is essential in order to achieve accurate theoretical dielectric functions.
The rest of this paper is organized as follows. Crystalstructural aspects and computational details regarding the method used in our calculations of the electronic structure and optical properties are described in Sec. II. Section III deals with the band structure and density of states of NaNO 2 . In this section we also explain the chemical bonding in this material by analyzing the charge density and the angular momentum and site-decomposed density of states. The band structure and the optical properties obtained from our calculations are given in Sec. IV, where they are compared it with available experimental results. The conclusions we draw from the present studies are summarized in Sec. V.
II. STRUCTURAL ASPECTS AND COMPUTATIONAL DETAILS
The crystal structure of NaNO 2 in the ferroelectric and paraelectric phases have been studied experimentally using x-ray 27 and neutron-scattering techniques. 28, 29 The ferroelectric phase considered here is body-centered orthorhombic ͑C 2v 20 space symmetry͒. It belongs to the space group Im2m and contains two molecules per cell. In the unit cell, the two Na atoms are located at the Wycoff 2a site ͑0 0 0.5862͒, the two N atoms are at the 2a site ͑0 0 0.1188͒, and the four O atoms are at the 4d site ͑0 0.1944 0͒. We have used the lattice parameters aϭ3.55, bϭ5.38, and cϭ5.56 Å and the above atomic-positional parameters taken from the single crystal x-ray diffraction measurements of Carpenter.
30 Figure  1͑a͒ shows the orthorhombic unit cell of the NaNO 2 crystal in the ferroelectric phase. The crystallographic axes used in our optical property studies are denoted as shown in this figure. The antiferroelectric phase displays a sinusoidal modulation along the ia axis with a period of about 8a. 31 For our antiferroelectric calculations, even though NaNO 2 possesses a sinusoidal antiferroelectric phase, for simplicity we have only considered a commensurate antiferroelectric phase of the type shown in Fig. 1͑b͒ .
The full-potential linear muffin-tin orbital ͑FPLMTO͒ calculations 32 presented in this paper are all electron, and no shape approximation to the charge density or potential has been used. The base geometry in this calculational method consists of a muffin-tin part and an interstitial part. The basis set was comprised of augmented linear muffin-tin orbitals. 33 Inside the muffin-tin spheres the basis functions, charge density, and potential are expanded in symmetry-adapted spherical-harmonic functions together with a radial function. In the present calculation the spherical-harmonic expansion of the charge-density, potential, and basis functions were carried out up to l max ϭ6. The tails of the basis functions outside their parent spheres are linear combinations of Hankel and Neuman functions. For numerical reasons, these basis functions in the interstitial are represented as the Fourier series. For the core charge density, the Dirac equation is solved self-consistently, i.e., no frozen-core approximation is used. The calculations are based on the local-density approximation to the density-functional theory with the exchangecorrelation potential parametrized according to Hedin and Lundquist. 34 The completeness of the basis set, with different variational values for each partial wave in the interstitial region, allows the method to treat open structures such as that of NaNO 2 , without having to resort to the use of socalled empty spheres. The volume ratio between the interstitial region and the unit cell is approximately 0.758 in the present calculations. The k-space integration was performed using the special-point method 35 with 1000 irreducible k points in the whole Brillouin zone for the self-consistent ground-state calculations and 15 625 k points for our optical studies. The irreducible k points were obtained by shifting the k-space grid away from the high-symmetry planes and the ⌫ point by a half step in each of the k x , k y , and k z directions. This scheme produces highly accurate integration in the Brillouin zone, using a smaller amount of k points than would be necessary if high-symmetry k points are included. To ensure the k-point convergence regarding the optical properties we have also carried out studies using 8000 k points. The optical spectra obtained from 15 625 k points as well as 8000 k points are essentially the same. In the antiferroelectric phase calculations we have used 768 k points for the self-consistent ground-state calculations and 6656 k points for the optical-property studies.
The tight-binding LMTO method with atomic-sphere approximation ͑TBLMTO-ASA͒ calculation of the basis set consists of sodium 3s, nitrogen 2s and 2 p, oxygen 2s and 2 p, and the empty sphere 1s LMTO's. The sodium 3p and 3d, nitrogen 3d, oxygen 3d, and the empty spheres 2 p and 3d partial waves were included in the tails of the abovementioned LMTO's. In order to achieve the overlap between the spheres to be less than 20%, we have included two empty spheres in 0 0.5 0.39728 and 0.5 0 0.51213 positions in the primitive cell. Though the TBLMTO-ASA method is not accurate compared with the FPLMTO method, due to its physically transparent nature we have used this method for our analysis.
The calculation of optical properties requires, apart from the Kohn-Sham eigenvalues, the explicit use of the wave functions, which, therefore, should be described as accurately as possible. In the computational method used here, we have gone beyond a minimal basis set using a so-called double basis. Three different kinetic energies were used for each subset of s and p derived bases in the basis set; two kinetic energies were used for bases derived from orbital parameters l Ͼ1. The basis sets used in calculating the electronic structure and optical properties were, for Na (2p, 3s, 3p, and 3d), for N (2s, 2p, and 3d), for O (2s, 2p, and 3d). A useful feature of the method used in these calculations is the ability to incorporate basis functions derived from the same orbital-atomic quantum numbers by different principal atomic quantum numbers in a single fully hybridizing basis set. This feature entails the use of multiple sets of radial functions to represent bases with different principal atomic quantum numbers. This capability was particularly useful in calculating the high-lying energy bands that were used to obtain the dielectric functions at high energies.
A. Optical properties
The linear response of a system due to an external electromagnetic field with a small wave vector can be described with the complex dielectric function ⑀()ϭ⑀ 1 () ϩi⑀ 2 (). We have calculated the dielectric function for frequencies well above those of the phonons, and, therefore, we considered only electronic excitations. For these we used the random-phase approximation, 36 neglecting local-field and finite lifetime effects. Moreover, due to the orthorhombic structure of NaNO 2 the dielectric function is a tensor. By an appropriate choice of the principal axes we could diagonalize it and restrict our considerations to the diagonal matrix elements. The interband contribution to the imaginary part of the dielectric functions ⑀ 2 () is calculated by summing transitions from occupied to unoccupied states ͑with fixed k vector͒ over the Brillouin zone, weighted with the appropriate matrix element giving the probability for the transition. To be specific, the components of ⑀ 2 () are given by
Here ( p x , p y , p z )ϭp is the momentum operator, f kn is the Fermi distribution, and ͉kn͘ the crystal wave function, corresponding to energy eigenvalue ⑀ kn with crystal momentum k. The evaluation of matrix elements in Eq. ͑1͒ is done over the muffin-tin and interstitial regions separately. Further details about the evaluation of matrix elements are given elsewhere. 37 We have calculated the three components Eʈa, Eʈb, and Eʈc of the dielectric constants corresponding to the electric field parallel to the crystallographic axes a, b, and c, respectively. The calculations yield the unbroadened functions. To reproduce the experimental conditions correctly, it is necessary to broaden the calculated spectra. The exact form of the broadening function is unknown, although comparison with measurements suggests that the broadening usually increases with increasing excitation energy. Also, the instrumental resolution smears out many fine features. To simulate these effects the lifetime broadening was simulated by convoluting the absorptive part of the dielectric function with a Lorentzian, whose full width at half maximum ͑FWHM͒ is equal to 0.01 eV at the photon energy 1 eV, and increasing quadratically with the photon energy. The experimental resolution was simulated by broadening the final spectra with a Gaussian, where the FWHM is equal to 0.02 eV. The real part of the components of the dielectric tensor ⑀ 1 () are then calculated using the Kramer-Kronig transformation. The knowledge of both the real and imaginary parts of the dielectric tensor allows the calculation of important optical constants. In this paper, we present and analyze the reflectivity R(), the absorption coefficient I(), the electron energy-loss spectrum L(), as well as the refractive index n and the extinction coefficient k. The reflectivity spectra are derived from the Fresnel's formula for normal incidence assuming an orientation of the crystal surface parallel to the optical axes using the relation
͑2͒
We calculated the absorption coefficient I() and the electron energy-loss spectrum L() using the following expressions:
The refractive index n and the extinction coefficient k were obtained by the following formulas:
. ͑6͒
III. RESULTS: GROUND-STATE ELECTRONIC STRUCTURE

A. Band-structure results
Since the optical spectra are calculated from interband transitions, it is of interest to first describe our calculated electronic structure. For this reason, the calculated band structure of ferroelectric NaNO 2 in the high-symmetry directions in the Brillouin zone are shown in Fig. 2 . From this figure it is clear that the bands have little dispersion, which is typical of a molecular solid. This is also consistent with previous studies. 24 An interesting feature of this band structure is the presence of a very flat band in the topmost valence band ͑VB͒ as well as the bottommost conduction band ͑CB͒, which is separated from the rest of the bands by a wide gap.
There are 12 bands in the valence region shown in Fig. 2 . The lowest-lying valence band consists of three degenerate bands around Ϫ27.5 eV, and arises from the Na 2 p orbitals. Due to the hybridization between 2s states of oxygen and nitrogen a single band forming around Ϫ24 eV and this has bonding character. Above this band, there is one localized band around Ϫ20 eV, arising mainly from oxygen 2s orbitals with considerable nitrogen p y character. In the present analysis we have chosen the x, y, and z axes, which are the a, b, and c crystallographic axes defined in Fig. 1͑a͒ , respectively. The single band at ϳ10 eV consists of oxygen 2s states as well as nitrogen 2s states in almost equal amounts. This band is having the anti-bonding character arising from the covalent hybridization of oxygen 2s with the nitrogen 2s states. The three bands in the Ϫ8.5 eV range have pure p character and correspond to ϳ2 nitrogen 2p ͑mainly p x and p y character͒ electrons and ϳ4 oxygen 2p electrons ͑mainly having p x and p y character, with the bottom band containing a slight p z character͒. The top of the valence region contains three bands in which the bottommost two bands arise purely from the oxygen 2 p orbitals. A detailed analysis shows that they have p x and p y oxygen character. The topmost valence band mainly has the bondinglike phase relationship between the oxygen and nitrogen p z orbitals with a small contribution from sodium and nitrogen s electrons. The corresponding antibonding hybrid is in the unoccupied state and not discussed in detail here.
Since the bands in the topmost valence band and bottommost conduction bands are very flat, it is difficult for the eye to identify the maximum in the valence band and the minimum in the conduction band directly from Fig. 2 . Therefore, we have given the band structure of NaNO 2 in an expanded energy scale around the energy gap in Fig. 3 . From this figure it is clear that the band gap appears between the topmost VB at W and the bottom most CB at R. Our calculated value of the indirect band gap is 2.2 eV, which is smaller than the value 2.95 eV obtained from the OLCAO method by Jiang, Xu, and Ching. 24 Further, they obtain the VB maximum at S, which is different from our result. To clarify this issue we have repeated our calculations using the TBLMTO method in the atomic-sphere approximation. We find that irrespective of the band-structure method used, the fundamental gap lies between the VB maximum at W and the CB minimum at R. Our calculated fundamental gap is smaller than the experimentally reported values of 3.14 eV ͑Ref. 38͒ and 3.22 eV, 39 as it should be because of the discontinuity in the exchange-correlation potential, which is not taken into account here.
B. Density of states and chemical bonding
Our calculated total density of states ͑DOS͒ curve for NaNO 2 along with the experimentally reported 40 x-ray photoemission spectroscopy ͑XPS͒ spectrum are shown in Fig.  4 . Our DOS exhibits sharper peaks than the experimental spectra, since we have not included the lifetime broadening and instrumental resolution in our DOS curve. To get more insight into the valence-band spectra near E F , we show the angular momentum and site decomposed DOS on a more expanded energy scale in Fig. 5 . In this figure, we see that the Na states are high up in the CB at about 5 eV above E F , indicating a nearly total ionization of the Na atom. The nar- row impuritylike CB about 1 eV wide is the result of hybridization between N 2p and O 2p orbitals. The highest VB is only 0.75 eV wide and involves mainly O 2 p, N 2p, and Na 3s orbitals. Slightly below this peak, in the VB DOS around Ϫ2.5 eV, there is a peak arising purely from the O 2p orbitals.
In order to understand the chemical bonding in more detail, we show in Fig. 6 the charge density of NaNO 2 in the bc plane of the ferroelectric phase. The experimental linear compressibility study on NaNO 2 show that the compression perpendicular to rigid N-O bonds is approximately 3.5 times greater than compression within the plane of N-O bonding. 41 This shows the presence of anisotropic bonding behavior in this material and also indicates a strong bonding between nitrogen and oxygen in NaNO 2 . Further the interatomic distance between the N and O is only 1.237 Å, and that between Na and O is 2.598 Å indicating that the bonding between nitrogen and oxygen is covalent in nature. Sodium nitrite has been described as distorted NaCl-type arrangements of Na ϩ and NO 2 Ϫ groups. 42 Alkali halides with the NaCl structure demonstrate an inverse relationship between molar volume (V) and bulk modulus (K). KVϭ11.3Ϯ0.5 Mbar Å 3 . Hazen and Finger 41 found that this correlation holds good (KV ϭ11.7) for NaNO 2 , indicating that it can be viewed as ionic NaCl-like material. In support of this viewpoint our calculated total valence charge in the Na muffin-tin sphere is found to be less than 0.1 electrons. Further, the more electropositive nature of Na compared with N and O confirm the presence of ionic bonding between Na and NO 2 . The negligible charge density between Na and NO 2 , as well as the very low-electron population at the Na site, much lower than for a neutral Na atom, is a clear indication of the ionic bonding between Na and NO 2 . Hence, the NO 2 as a whole can be viewed as a negatively charged unit. To show the bonding within this unit more clearly, we have also plotted the corresponding three-dimensional charge-density map in the upper panel in Fig. 6 . From this figure it is clearly evident that substantial covalent bonding exists between nitrogen and oxygen. Okuda et al. 43 studied the bonding behavior of NaNO 2 by an oriented-atom model with multipole expansion and found -type bonding between N and O originating from 2 hybridization. This is consistent with our observation of covalent bonding between nitrogen and oxygen in NaNO 2 . The observed large-bonding anisotropy in NaNO 2 ͑i.e., ionic bonding between Na and NO 2 and a strong covalent bond between N and O͒ is likely the principal cause for the experimentally observed large anisotropy in linear compressibilities. 41 Our total energy calculations show that the antiferroelectric phase is found to be around 9 mRy/f.u. higher in energy than the ferroelectric phase. This is consistent with the experimental studies, since the ferroelectric phase is stable at lower temperatures.
IV. RESULTS: OPTICAL PROPERTIES
Further insight into the electronic structure can be obtained from the calculation of interband optical functions. The optical properties of NaNO 2 are very anisotropic, and therefore we resolve the optical spectra into the three principal directions Eʈa, Eʈb, and Eʈc, corresponding to the electric-field vector polarized along the crystallographic axis a, b, and c, respectively. The calculated imaginary part of the dielectric function for NaNO 2 along the a, b, and c axes of the crystal are shown in Fig. 7 along with those obtained by Jiang, Xu, and Ching using the OLCAO method. 24 Overall, the dielectric spectra obtained from these computationally very different band-structure methods are seen to be consistent with each other. The main discrepancy in the dielectric spectra between the present results and the OLCAO results is for the spectrum with electric-field vector polarized along the crystallographic axis a. In the lower energy peak, our calculation gives a maximum value less than 1. But the reported 24 OLCAO maximum value is greater than 3. Further, we observe a peak structure around 9 eV in our ⑀ 2 () Eʈa spectra, which is well separated from the main peak around 12 eV. In the OLCAO results, this peak shows up as a shoulder in the main peak.
Since the optical spectra are obtained from the interband transitions, the peak structures in Fig. 7 can be explained through our band structure. The lowest-energy peak at 2.2 eV in the ⑀ 2 () spectra in Eʈa, Eʈb, and Eʈc arises from the interband transition between the topmost valence band and the bottommost conduction band ͑i.e., band 12 → band 13͒. Around 4 eV a peak appears in all three directions. The origin of this peak is due to band 11 → band 13 interband transitions. A sharp peak around 5.2 eV in the Eʈc spectrum originates from band 10 → band 13 interband transitions. This peak is absent in the Eʈa and Eʈb spectra. Overall, the dielectric function exhibits large anisotropy in this material. The peak structure around 9.15 eV in the Eʈb spectrum mainly arises from the combination of 8→13, 10→14, and 12→15 interband transitions, and the peak at 12.14 eV arises mainly from 6→13 interband transition with small contributions coming from 8→14, 9→14, 10→16, and 11→16 interband transitions. The peaks in the ⑀ 2 () spectra above 10 eV, visible in all three directions, are broad and involve several bands.
Newman 44 deduced the values of the dielectric constant for infinite wavelength to be 1.818, 1.99, and 2.77 along the crystallographic a, b, and c axes, respectively. This can be interpreted as due to electronic polarization without the effect of lattice vibrations at the low-frequency end. Our calculated ⑀ 1 (0) values along a, b, and c are 1.97, 2.27, and 3.98, respectively, values that compare favorably with the corresponding experimental values mentioned above. Thus, ⑀ 1 (0) is rather well described using vertical interband transitions only. However, theory predicts more anisotropy in the optical properties of NaNO 2 than experiment. Jiang, Xu, and Ching also reported calculated ⑀ 1 (0) values along the principal axes. Their values are 1.58, 1.60, and 2.20 for polarization along the a, b, and c principal axes, respectively.
From our calculation the calculated value of the fundamental gap in the antiferroelectric phase is 2.116 eV. In order to understand the role of antiferroelectric distortion on the optical properties on NaNO 2 , we have also given the ⑀ 2 () spectra for the antiferroelectric phase along all the three crystallographic axes in Fig. 7 . Except for the absolute values, overall the peak positions of both ferroelectric and antiferroelectric phases are consistent with each other.
In Fig. 8 we compare our calculated reflectivity spectra with experimental 26 polarized-reflectivity spectra. We have also generated theoretical-reflectivity spectra for NaNO 2 by KK, transforming the ⑀ 2 () spectra reported by Jiang et al. 24 calculated using the OLCAO method. Overall, our theoretical spectra are found to be in good agreement with experiments above 8 eV. The good agreement between ex- periment and theory in the higher-energy range indicates high accuracy of our unoccupied states. The main discrepancies between the experimental reflectivity spectra of Ashida et al. 26 and theory reside below 5 eV. Our theoretical spectra show peak structures at lower energies, which are absent in the experimental spectra. As mentioned earlier, the present study and the results reported by Jiang, Xu, and Ching 24 show a sharp peak in the ⑀ 2 () spectra at Eʈc around 5 eV. This peak gives rise to a peak structure in our Eʈc reflectivity spectra in Fig. 8 in the same energy range. It is interesting to note that although both theoretical studies show large reflectivity around 5 eV in the Eʈc direction, the experimental spectra of Ashida et al. 26 do not show this feature. Our calculated ⑀ 2 () spectra for the antiferroelectric phase also show a sharp peak around 5 eV in the Eʈc direction. We hope that the present theoretical observations will motivate further experimental studies in this energy range. Our calculated reflectivity spectra differ considerably from the calculated reflectivity spectra of Jiang, Xu, and Ching 24 for Eʈa but agree much better with experimental data. This difference illustrates that a theoretical description of the dielectric response depends on the accuracy of the method.
There is no simple explanation for the remaining discrepancies between experimental reflectivity spectra and theory in Fig. 8 . Their main origin may well be the local-density approximation. The formalism of density-functional theory ͑DFT͒ is in principle exact for ground-state properties. However, even for the exact DFT the one-particle spectrum of the noninteracting reference system may differ from the spectrum of the actual one-electron excitations ͑OEE͒ in a solid, obtained in the optical measurements. As discussed by Bellani et al., 45 the OEE spectrum, defined by the poles of the one-particle Green function, is given by the Dyson-type equation containing the self-energy operator ͚ xc (r,rЈ,E) instead of the local exchange-correlation potential V xc in DFT. The self-energy operator is nonlocal and is also energy dependent. Particularly, for the well-localized molecular solid such as NaNO 2 , the poor screening of the exchange interaction makes ͚ xc more nonlocal than in metals. Further, the discrepancies in the reflectivity spectra between experiment and theory is not only a consequence of the limited accuracy of the theoretical and numerical treatments. The sample quality, the surface treatment, the sample size, and the technical difficulties of handling the radiation source may influence the reflectivity spectra. Moreover, the experimentally reported reflectivity spectra were obtained by adjusting the observed reflectivity spectra so as to fit to the values estimated from the refractive indices n a , n b , and n c , respectively, in the visible region.
Kamada, Yoshikawa, and Kato 46 measured the polarized UV absorption spectra of NaNO 2 at low temperatures and found phonon sidebands in the spectrum. Our calculated absorption spectra I() is shown in the lowest panel of Fig. 9 . It should be emphasized that the present calculation of the dielectric function only pertains to the electronic response, and does not include the effects of lattice vibrations that dominate the experimental absorption spectrum in the lowfrequency region. Therefore, we can naturally not expect the experimentally observed 16, 46, 47 series of vibronic lines accompanying the phonon sidebands in the absorption spectrum given in Fig. 9 . Unfortunately, experimental polarizedabsorption spectra for NaNO 2 are available only for the energy range 0-4 eV. This, and the fact that the experimental absorption spectra are dominated by the phonon contributions, make a comparison between our calculated spectra and the existing experimental studies rather meaningless. However, as our theoretical absorption spectra contains purely the electronic contribution, it may prove useful as a reference in future experimental studies.
We now proceed to a more detailed analysis of the peaks in the I() spectra. According to molecular-orbital calculations by McEwen, 48 the UV absorption at 3.5 and 4.2 eV in NaNO 2 are interpreted as the intramolecular electronic transitions of NO 2 Ϫ . Yamashita and Kato 15 observed three characteristic peaks in the absorption spectrum of thin film NaNO 2 , one at 6.1 eV, a second at 9.6 eV, and the third at 11 eV. From our theoretical absorption spectra given in Fig.  9 , it is clearly evident that the 6.1-eV peak ͑in our case at 5.2 eV͒ originates from absorption in the Eʈc direction, whereas the other two peaks arise from absorption in all three crystallographic directions. Experimental studies 15 show that the 6.1-eV absorption peak does not shift if Na is replaced by K. Hence, it is interpreted as originating from electronic excitations in the anions. Our detailed analysis of the absorption spectra show that the origin of this peak is due to the band 10→13 interband transition. As the bottommost valence band contains a considerable amount of O(3d) states, this peak thus arises from the O 2p to O 3d interband transition. The peaks around 10 eV are due to N,O(2 p)→Na(3s) interband transitions. This is consistent with experimental results 15 in the sense that the position of this peak shifts considerably if one replaces Na by K in NaNO 2 in the experimental measurements. For clarity, we state explicitly that notation such as O(2p)→Na(3s) does absolutely not imply that the optical transition takes place from one atomic site to another. All orbitals have tails extending into the neighboring spheres, and it is in this way that the optical transitions may take place.
Refractive indices of a crystal are closely related to the electronic polarizability of ions and the local field inside the crystal. Another interesting point connected with the refractive indices is the electro-optic effect. Especially in ferroelectrics, spontaneous polarization induces the spontaneous electro-optic effect in the ferroelectric phase. We have given the polarized refractive indices n() in the second panel of Fig. 9 . From these we have calculated the low-frequency refractive index along the a, b, and c crystallographic axes and obtained the values n a ϭ1.407, n b ϭ1.507, and n c ϭ1.995. These values compare favorably with the roomtemperature experimental values 14 n a ϭ1.3455, n b ϭ1.4125, and n c ϭ1.6547. Among these values n c deviates the most from the experiment. A possible explanation is that this is due to a temperature effect. Experimental studies 14 show that n a and n b are almost temperature independent, whereas n c increases with decreasing temperature. As our theoretical results are valid only for lower temperatures, more experimental studies at very low temperatures are needed for a more meaningful comparison. The polarized refractive-index spectra given in the second part of Fig. 9 resemble the real part of the dielectric tensor in a wide-frequency range from the redspectral region. It should be noted that the light polarized parallel to the c axis is more refracted than that with polarization along the a and b axes. This clearly indicates the large-optical anisotropy in NaNO 2 . The observed anisotropy in the refractive index is consistent with experimental observations 14 in the sense that the n c Ϫn a value at low temperature is around five times larger than n a Ϫn b .
The theory also predicts a strong anisotropy of the polarized ⑀ 1 () spectra ͑see the third panel in Fig. 9͒ . The sign changes occur in the ⑀ 1 () spectra at 5.12 eV in Eʈc and 9.45 eV in Eʈb and they appear at the same energy as a peak in the corresponding ⑀ 2 () spectra. Since in this range the imaginary part of the dielectric function is very low, the conditions for a plasma resonance are satisfied. Hence, there are strong resonance maxima at these energies in the calculated energy-loss spectra L() for these polarizations, as can be seen in the fourth panel of Fig. 9 . As the optical conductivity and extinction coefficients are often measured experimentally, those optical functions are also given in Fig. 9 .
Since the optical properties of NaNO 2 are highly anisotropic, it is particularly interesting to calculate the effective number of valence electrons per NaNO 2 molecule n eff contributing to the optical properties in each direction. This can be accomplished by means of the sum rule 48 n eff ͑ E m ͒ϭ 2m
where E m denotes the upper limit of integration. The quantities m and e are the electron mass and charge, respectively. N stands for the electron density. The effective number of valence electrons per NaNO 2 participating in the interband transitions along the crystallographic directions are shown in Fig. 10 . The n eff (E m ) curve of NaNO 2 exhibits higher absolute values for Eʈc than for Eʈa and Eʈb. This is connected to the large reflectivity feature observed in the Eʈc at the lower-energy range. Furthermore, as seen from Fig. 10 , n eff (E m ) does not reach a saturation value below 30 eV. This shows that the deep-lying valence orbitals participate in the interband transition.
V. SUMMARY
We have made a detailed investigation of the electronic structure and optical properties of ferroelectric NaNO 2 using the full-potential LMTO method. Our FLMTO, as well as TBLMTO calculations show that the fundamental gap of NaNO 2 is indirect with the maximum of the topmost valence band situated at W and the minimum of bottommost conduction band situated at R. Using the l -projected density of states and band structure we have analyzed the interband contribution to the optical properties. The chemical bonding of NaNO 2 is also analyzed. The NO 2 complex is bonded by covalent bonds and the Na and NO 2 constituents are bonded ionically. In addition, we find that the ferroelectric phase is lower in energy, compared to an antiferroelectric phase. This is in agreement with observation.
Our calculations indicate strong bonding anisotropy between the constituents of NaNO 2 . The polarized-reflectivity spectra obtained from our first-principles calculations are found to be in good agreement with the experimental results of Ashida et al. 26 above 5 eV. We have examined the frequency-dependent dielectric tensors as well as related quantities like reflectivities, absorption coefficients, optical conductivities, energy loss functions, refractive indices, and extinction coefficients. The optical anisotropy in this material, manifested in the infinity-frequency dielectric constant, low-frequency refractive index, and the effective number of electrons participating in the interband transitions along the principal axes was clearly revealed in our calculations. The reflectivity spectra obtained from our calculations, as well as by Jiang, Xu, and Ching 24 predicts large reflectivity in the low-energy spectra when the electric field is parallel to the c axis. The optical spectra obtained for the antiferroelectric phase is almost the same as that of the ferroelectric phase, indicating that the discrepancy between experimental and theoretical results in Eʈc is not due to antiferroelectric distortion. More experimental studies at the lower-energy range are required to confirm our observations.
